Acoustic sequences such as speech and music are generally perceived as coherent auditory "streams," which can be individually attended to and followed over time. Although the psychophysical stimulus parameters governing this "auditory streaming" are well established, the brain mechanisms underlying the formation of auditory streams remain largely unknown. In particular, an essential feature of the phenomenon, which corresponds to the fact that the segregation of sounds into streams typically takes several seconds to build up, remains unexplained. Here, we show that this and other major features of auditorystream formation measured in humans using alternating-tone sequences can be quantitatively accounted for based on single-unit responses recorded in the primary auditory cortex (A1) of awake rhesus monkeys listening to the same sound sequences.
Introduction
When we listen to a speaker in a crowd or follow a musical instrument in an orchestra, we rely unconsciously on our brain's ability to organize highly complex acoustic sequences into perceptual "streams" (Bregman, 1990; Bregman and Campbell, 1971; Carlyon, 2004) . Streams are among the "objects" of audition. Like the objects of visual perception, they generally correspond to physical objects in the environment-in this case, sound sources-and as perceptual entities, they can be selectively attended to, processed, and followed over time (Bregman, 1990; Carlyon, 2004; Micheyl et al., 2005) . Behavioral studies indicate that several animal species, including monkey (Izumi, 2002) , bird (Hulse et al., 1997; MacDougall-Shackleton et al., 1998), and fish (Fay, 1998) , experience this "auditory streaming" phenomenon. This supports the view that it represents a widespread and fundamental perceptual-organization ability, likely to be of crucial importance for survival in *Correspondence: cmicheyl@mit.edu (C.M.); rauschej@georgetown. edu (J.P.R.) diverse ecological environments where multiple sound sources are often present and need to be parsed.
In the laboratory, the formation of auditory streams can be demonstrated simply by using repetitive sequences of tones alternating between two frequencies, A and B, as illustrated in Figure 1A . When the frequency separation (⌬F) between A and B is small and the tones alternate slowly, listeners hear a coherent sequence of tones whose pitch jumps up and down. In contrast, when ⌬F is large and/or the repetition rate (RR) is fast, two parallel but separate streams of constant-pitch tones are heard.
While various theories and computational models have been proposed to explain auditory stream formation ( . However, the conclusions of these earlier studies are limited by the fact that the neural response patterns putatively associated with the oneand two-stream percepts were always induced using physically different stimuli. Stimulus-induced changes in neural response patterns are a common confound in studies attempting to bridge the gap between neural activity and perception (Logothetis and Schall, 1989; Parker and Newsome, 1998) .
Here, we take advantage of the fact that stream segregation generally takes some time to build up (Anstis and Saida, 1985; Bregman, 1978; Carlyon et al., 2001 ); initially, sound sequences tend to be heard as a single, fused stream, and it is only after several seconds that the sounds appear to split into distinct streams that can be individually followed. Thus, under appropriate conditions, the percept evoked by a physically unchanging sequence of alternating tones tends to switch from that of a single stream to that of two streams. This systematic change in auditory percept over time makes it possible to compare neural responses associated with dramatically different percepts without any change in the evoking stimulus, simply by recording neural responses at various points during an ongoing sequence of sounds. Another important feature of our approach, which distinguishes it from earlier work on the neural basis of auditory stream segregation, is that the statistical variability of the neural responses is used to predict percept probabilities. Using this approach, we demonstrate a striking correspondence between the temporal dynamics of neural responses to alternating-tone sequences in the primary auditory cortex (A1) of awake rhesus monkeys and the perceptual build-up of auditory stream segregation measured in humans listening to similar sound sequences. 
Results

Psychophysical Demonstration of the Build-Up of Auditory Streaming
To demonstrate the build-up of stream segregation, we presented ten human listeners with 10 s sequences of repeating-tone triplets like those illustrated in Figure 1A . The listeners were instructed to indicate as promptly as possible after the onset of each sequence whether they heard one or two streams and to update their response each time the percept switched, until the end of the sequence. The responses were recorded along with their time of occurrence and averaged across stimulus presentations and listeners to produce psychometric functions representing the probability of hearing two streams as a function of time after sequence onset. This was done at four different ⌬Fs, chosen to yield different build-up rates and asymptotic probabilities of segregation. The "A" tone frequency varied between 500 and 4000 Hz across listeners. The resulting psychometric functions did not depend on the A tone frequency and were averaged across this parameter to form Figure 1B .
It can be seen that at the lowest ⌬F tested (1 semitone) listeners very rarely reported hearing the sequence as segregated; throughout the entire sequence duration, the probability of a "two streams" response remained close to (and, in fact, not significantly different from) zero. In contrast, at the largest ⌬F tested (9 semitones), listeners nearly always heard the sequence as segregated; the probability of a "two streams" response increased markedly within the first 2-3 s of stimulation, and it thereafter remained close to (and, in fact, not significantly different from) one. At the two intermediate ⌬Fs (3 and 6 semitones), judgments were more variable across listeners (as indicated by the larger confidence intervals) as well as less consistent within a given listener: the same sequence could be judged as "two streams" on one presentation but as "one stream" on another, resulting in intermediate asymptotic proportions of "two streams" responses. The time taken for the percept to switch from one to two streams was also more variable across sequence presentations and listeners at the 3 and 6 semitone ⌬Fs (across-listener SDs of 1.32 s and 1.23 s, respectively) than at the 9 semitone ⌬F (SD = 0.46 s). Most listeners usually experienced a single switch per sequence, even at intermediate ⌬Fs; the average number of switches per sequence was 0.90 at the 3 semitone ⌬F, 0.55 at the 6 semitone ⌬F, 0.23 at the 9 semitone ⌬F, and 0.08 at the 1 semitone ⌬F. A possible reason for these small numbers of reversals is that the sequence duration used here was not much longer than the time required for the probability of segregation to build up in the intermediate ⌬F condition (3 semitones), at which the percept was potentially the most unstable. Despite the increased variability in responses at intermediate ⌬Fs, consistent trends were clearly present in the average data. In particular, at all ⌬Fs but the smallest one, the probability of a "two streams" response increased noticeably over time. The increase was slower at the 3 than at the 6 and 9 semitone ⌬Fs. Also, the asymptotic probability of segregation was lower in the 3 than in the 6 and 9 semitone ⌬F condition. On the whole, these results are consistent with those of earlier studies demonstrating a slower build-up, and intermediate proba- 
Neural Responses to Tone Sequences
Alternating Tones
The responses of single units in the primary auditory cortex (A1) of two awake rhesus monkeys (Macaca mulatta) were recorded while the animals were listening to sound sequences similar to those used in the preceding psychophysical experiment in human listeners. The frequency of the A tone was adjusted to correspond to the best frequency (BF) of the unit being tested, as estimated from preceding tuning-curve measurements-it varied between 500 and 9514 Hz, with a geometric mean of 1663 Hz, and in over 80% of cases it was within 500 and 4000 Hz (the range of A tone frequencies used in the psychophysical experiment). As in the psychophysical experiment, the frequency of the B tone was set 1, 3, 6, or 9 semitones above that of the A tone and remained constant within a sequence.
Two major trends were apparent in the poststimulus time histograms (PSTHs) of neuronal responses to the ABA tone patterns (Figure 2) . First, the responses to the B tones generally decreased as ⌬F increased. This effect can be explained simply in terms of frequency selectivity: since the neurons, by definition, had their BF at the A tone frequency, increasing ⌬F amounted to moving the B tones further and further away from the most sensitive region of the frequency tuning curve. A neural mechanism that may have further contributed to reducing the response to the B tone as ⌬F increased is poststimulus adaptation or suppression following the first A tone from each triplet. Some evidence for this comes from the slight increase in the response to the second A tone as ⌬F increased, which probably reflects a release from adaptation or from inhibition by the preceding B tone. This observation is consistent with earlier electrophysiological data on neural responses to tone sequences in AC ( The second major trend was a general decrease in response magnitude between the first and the last triplets (compare left and right panels in Figure 2 ). This response decay was general in the sense that it affected both A and B tone responses, at all frequency separations. In order to distinguish this effect from other forms of neural "adaptation," such as the adaptation of A tone responses by the preceding B tones described above, we will hereafter use the term "habituation" when referring to this longer-term decay in neural response, with no assumption regarding the underlying physiological mechanism at this stage.
To quantify this habituation and characterize its time course, we counted the number of spikes evoked in response to each of the successive tones in the 10 s stimulus sequence and studied how the counts varied as a function of time after sequence onset ( Figure 3A) . Overall, spike counts were found to decrease significantly as a function of triplet position (i.e., from the first to the last triplet in the sequence stimulus) [F(1, 90) = 41.63, p < 0.0005]. It is worth noting that although the largest decay in neural response generally occurred between the first and second triplets (at least for B tones), the responses often continued to decrease more slowly after that. The decay in spike counts was general, in the sense that it affected the responses to the A tones like those to the B tones, and was observed at all ⌬Fs.
Reversed Tone Sequences
We also measured the responses of roughly a third (i.e., 33) of the neural units to repeating triplets in which the temporal positions of the A and B tones were switched, resulting in BAB instead of ABA triplets. This was done in order to check that there was no major influence of the relative temporal positions of the A and B tones that could not be explained by BF and that the pattern of neural activity at cortical sites with BFs corresponding to the middle (formerly, B) tones was simply the converse of that observed at sites most responsive to the outer (formerly, A) tones. This was borne out in the data. The spike counts evoked by these reversed (BAB) triplet sequences, which are shown in Figure 3B , were essentially as expected based on those observed in Figure 3A , the responses to the B tones decreasing markedly with increasing ⌬F, while the responses to the A tones (now in middle position) remained generally strong. From these data and those shown in Figure 3A , we can infer that when ⌬F was small (e.g., 1 semitone), A1 units with BFs corresponding to the A or B frequency simultaneously produced large responses; in contrast, when ⌬F was large (e.g., 6 or 9 semitones), two A1 populations were activated alternately by the A and B tones. Like those evoked by the original (ABA) sequences, the spike counts evoked by the B tones in the B-only sequences decreased significantly as a function of the triplet position within the sequence [F(1, cal framework. The basic idea behind the model is that the neural activation patterns evoked in A1 by incoming sounds are "read out" by other neurons or groups of neurons, which behave as binary classifiers: based on the information they receive from A1, these neurons assume one of two possible states, which correspond to the "one stream" and "two streams" percepts (or responses). A key assumption in the model is that the decision between one and two streams is made by comparing the spike counts evoked by the A and B tones in each triplet to a fixed threshold; when the spike counts evoked by the B and both A tones exceed the threshold, a "one stream" response is produced; in contrast, when the A tones, but not the B tone, are detected, a "two streams" response is counted. This threshold is the only free parameter in the model, and although its value was adjusted so as to optimize the fit between data and predictions (using a maximumlikelihood criterion), it depended in no way on ⌬F or time after sequence onset. Further details on the functioning of the model are given in the Experimental Procedures section.
The probabilities of "two streams" responses predicted as a function of both ⌬F and time based on the measured neural responses, or "neurometric functions," are shown in Figure 4 . The human psychometric functions from Figure 1B are replotted here as dashed lines to facilitate comparisons. It can be seen that the neurometric functions replicate all the major features of the psychometric functions measured in human listeners. Specifically, (1) at all ⌬Fs except the smallest, the predicted probability of a "two streams" response increased over time; (2) this increase was longer at the two intermediate ⌬Fs, 3 and 6 semitones; (3) at the largest ⌬F (9 semitones), the predicted probability of a "two streams" response increased abruptly after sequence onset. This good qualitative agreement between the neurometric and the psychometric functions was paralleled by a good quantitative agreement, as demonstrated by the fact that the former usually fell within the 95% confidence intervals around the latter; thus, the predictions based on neural data from the two monkeys fall within the range of the across-subject variability in the psychophysical data.
Influence of Stimulus Presentation Rate
The previous discussion demonstrated that a model based on neural spike counts is consistent both with the effect of ⌬F and of time on the streaming judgments made by human subjects. Here, we show that the same model can be used to explain another important psychophysical feature of auditory stream segregation, namely, its dependence on tone-presentation rate. The dashed lines in Figure 5 show psychometric functions measured using tone sequences similar to those used above, but in which the tone-presentation rate was decreased by inserting 50 ms silent gaps between the tones within each triplet and by increasing the intertriplet interval by the same amount. Comparing these functions to those shown in Figure 1B , it can be seen that, consistent with earlier findings (e.g., Bregman, 1990), this resulted in reducing the probability that listeners experience segregation and in a slower build-up of streaming, especially at the 3 semitone ⌬F. The conditions that were the least affected by the change in tone presentation rate were the 9 semitone ⌬F, where the average proportion of "two streams" responses remained high, and the 1 semitone ⌬F, where the proportion of "two streams" responses was already very low prior to the reduction in tone-presentation rate.
In order to test whether these effects could be captured by a model similar to that described above, we used the data from the subset of 34 units for which responses were measured both to the (fast rate) ABA sequences and to sequences of B tones separated by 375 ms silent gaps. The response to the B tones in these two conditions can be thought of as representing two extreme values of intertone gap, in which the B tone was either immediately preceded by an A tone or occurred after a 375 ms silent interval. To estimate how the spike-count distributions varied as a function of tone-presentation rate, we independently fitted the spike-count distributions to the B tones in these two conditions with Gaussian probability density functions, resulting in two sets of best-fitting parameters. Linear interpolation between the two sets of parameters was then used to generate spike-count distributions for the slower ABA sequence used in the second psychophysical experiment; this condition has an intermediate tone-presentation rate, where each B tone was separated by the previous A tone by 50 ms. The position of the point at which the interpolation between the two sets of parameters was taken was the only free parameter used in the modified model, and its value was adjusted to yield the best possible (i.e., maximum likelihood) fit between the neurometric and psychometric functions in the faster-rate condition. The value of the spike-count threshold parameter was fixed, based on the results of the baseline (i.e., faster-rate) condition, and depended in no way on the neural or the psychophysical results of the slower-rate condition considered here. Finally, the interpolated spike-count distributions were fed to the same model as above.
The best-fitting neurometric functions in the slowerrate condition are shown as solid lines in Figure 5 . It can be seen that the model predictions captured most of the psychophysical effects induced by the change in stimulation rate. In particular, it predicted larger decreases in the probability of "two streams" responses and a slower build-up rate, at intermediate ⌬Fs (3 and 6 semitones). One aspect of the data, which the model did not adequately reproduce, is the slight reduction in build-up rate at the largest ⌬F (9 semitones). However, on the whole, the model was rather successful in reproducing the psychometric functions for the slower-rate condition, as model predictions usually fell within the 95% confidence intervals around the observed probabilities of "two streams" responses.
Discussion
The present results demonstrate that neural responses recorded in A1 while awake primates listen to tone sequences can account both qualitatively and quantitatively for several essential features of an important perceptual auditory organization phenomenon in humans. The predictions derived from the neural data replicate successfully the increase in the probability of perceiving a tone sequence as two segregated auditory streams when the frequency separation (⌬F) between consecutive tones is increased. More importantly, the neurometric functions faithfully replicate the observed increases in the probability of hearing segregation (i.e., two streams) during the first 10 s following sequence onset at intermediate and large ⌬Fs. This result is noteworthy, because, unlike those obtained in previous studies ( , it demonstrates a correspondence between changes in neural responses and changes in perception, which occur without any concomitant change in the physical stimulus. In addition, the same model that was used to relate the stochastic neural responses to the probabilistic perceptual judgments across two stimulus dimensions (⌬F and time since sequence onset) could also be applied to account for the observed influence of a third important stimulus parameter, i.e., tone-presentation rate. Altogether, these results demonstrate a remarkable correspondence between neural responses to tone sequences in A1 and perceptual judgments of stream segregation across several stimulus dimensions. Although this good correspondence does not prove that auditory streaming percepts are necessarily determined in A1 (see below), at the very least it shows that neural responses in A1 can account for several important features of the auditory streaming phenomenon.
Multisecond Habituation of A1 Responses and the Build-Up of Stream Segregation
The results obtained in this study suggest that a key mechanism behind the build-up of auditory streaming The present results suggest a simpler explanation, which does not require the habituation of, specifically, frequency-change detectors in the auditory system for the sensation of integrated pitch motion to be lost. Instead, stream segregation and its build-up appear to arise simply as a by-product of sound-event detection within frequency-specific, but otherwise unspecialized, neural populations in A1 and their habituation. It would be interesting to determine whether the same type of model, when applied to neural responses from primary visual cortex (V1) to sequences of alternating flashes, could also account for the breakdown of apparent motion in vision without necessarily having to invoke the fatigue of specialized motion detectors beyond V1.
Influence of Attention
The influence of attention on neural responses and perception is a traditionally important question in cognitive neuroscience. The animals in the present study performed a behavioral task, which required that they pay at least some attention to the auditory stimuli during the electrophysiological recording sessions-just like the human listeners were required to pay attention to the stimuli during the psychophysical measures. An interesting question is whether the neural phenomena observed here, and the good agreement between the neural and psychophysical results, would have also been found if the animals had not been given this task. The only two previous reports of multisecond habituation of neural responses to tone sequences in A1 were in anesthetized animals (Ulanovsky et al., 2003, 2004) . To the extent that the habituation observed in the present study is of a similar nature as that identified in those earlier reports, it should also manifest itself even when the animal is not actively attending to the auditory stimulus. This would be consistent with experimental results suggesting that stream segregation is largely an automatic, "primitive" perceptual organization phenomenon, which can occur even in the absence of attention (Macken et On the other hand, it has been shown that if a listener's attention is momentarily directed away from the tone sequence after stream segregation has been allowed to fully build up, the percept is "reset" (i.e., goes back to that of "one stream") and the buildup starts all over again (Carlyon et al., 2001 ). Based on the present results, a simple explanation for this surprising effect is that when the listener's attention is directed toward the tone sequence, there is a momentary overall increase in neural responsiveness , which causes the spike rates evoked by tones at and away from the BF to both exceed the detection threshold, resulting in a one stream percept; then, due to habituation, the responses start to decrease and the weaker spike rates evoked by tones away from the BF eventually fall below the detection threshold, while the higher spike rates evoked by BF tones remain above it, resulting in the percept of segregated streams.
The model proposed here can also account, in principle, for the influence of the listener's attentional set on auditory stream segregation. For instance, it has been shown that the ⌬F above which listeners cannot help but hear the sequence as segregated even though they are trying to hold on to the percept of a single stream is larger than the ⌬F below which listeners can only hear the sequence as a single stream despite their efforts to hear it as two (van Noorden, 1975) . A simple explanation for these effects, based on the thresholding model proposed here, is that task instructions influence the listener's internal criterion (i.e., the threshold) for deciding between one and two streams: when the listener is actively trying to hear the sequence as a single stream, the threshold is lowered so that spike counts evoked by tones away from BF fall above it; conversely, when the listener is actively trying to hear two streams, the threshold is raised so that the spike counts evoked by tones away from the BF no longer exceed it. Obviously, for listeners as for the model, the range over which the threshold can vary is bounded downward by the fact that too low a threshold results in unrealistically high rates of false alarms and upward by the fact that too high a threshold leads to unacceptably high miss rates. This may explain why listeners have only limited control over the way in which they can hear sound sequences: beyond certain parameter values, they can only perceive the stimulus in one way (van Noorden, 1975 ).
The Brain Locus of Auditory Streaming
Although the results presented here demonstrate that neural responses in A1 can readily account for most of the important features of auditory streaming, including its build-up, this does not prove that A1 is necessarily the first, the final, or the only stage of processing involved in auditory streaming. The neural phenomena described here, including the habituation of responses over time, might be already present below the auditory cortex. Future studies will have to determine whether neural response characteristics (including the dependence of spike-count distributions on both ⌬F and time after sequence onset) in the auditory nerve, cochlear nucleus, or the inferior colliculus are, like those measured in A1, qualitatively as well as quantitatively consistent with the measured characteristics of auditory streaming.
On the other hand, cortical areas other than A1 may also be involved in the perceptual organization of sound sequences into streams. In fact, the model proposed here posits that the perceptual decision between one and two streams is based on the activity of neurons or neural structures that "read out" the neural responses evoked in A1. These neurons could be located in auditory cortical areas beyond A1 or areas of the prefrontal cortex, which have been implicated in an audi- 
Limitations of the Present Study and Perspectives
One limitation, which the present work shares with previous studies of the intracortical basis of stream segregation, is that the animals' percepts were not measured. Therefore, the comparison between the neural and the psychophysical data rests on the assumption that the two species in which these data were obtained have similar auditory system and auditory perception characteristics. This assumption is supported by results in the literature, which show a close correspondence between human and primate auditory-cortex anatomy and function ( Recording the animals' percepts while they are listening to sound sequences might be achieved in future studies. However, getting animals to indicate their percept and to update their responses in "real time" as the sequence progresses will undoubtedly prove to be a challenging task for experimenters. From this point of view, the alternative approach adopted recently by some authors, which involves the conjoint measurement of psychophysical streaming judgments and brain activity in humans using functional brain-imaging techniques or magnetoencephalography (Cusack, 2005; Gutschalk et al., 2005), seems perhaps more promising. Unfortunately, the easier access to the listener's percepts in such human studies comes at the expense of limited insight into the underlying neural micromechanisms of perception.
Experimental Procedures
Psychophysical Experiment
Ten human subjects (5 male, 5 female, aged 21-42 years) with normal hearing (i.e., pure-tone thresholds below 20 dB HL [hearing loss] at octave frequencies between 250 and 8000 Hz) took part. The subjects were tested individually in a double-wall soundproof cabin (IAC). The stimuli were sequences of repeating ABA tone triplets, where A and B represent tone of different frequencies, as illustrated in Figure 1A . Each sequence was comprised of 20 triplets. Each tone was 125 ms in duration, including 20 ms raised-cosine ramps. In the basic test condition, there was no silent gap between the tones within a triplet, and the silent gap between consecutive triplets was also 125 ms long, resulting in a total sequence duration of 10 s. The A and B tone frequencies were kept constant within a sequence. The A tone frequency was selected randomly for each listener among four possible frequencies (500, 1000, 2000, and 4000 Hz). The B tone frequency was varied parametrically across sequences, and depending on the condition being tested, it was 1, 3, 6, or 9 semitones above the A tone frequency (for instance, at the 1000 Hz A tone frequency, the frequency of the B tones was 1059, 1189, 1414, or 1682 Hz). These four frequency separations (⌬Fs) were selected, based on published data (Carlyon et al., 2001) and preliminary results, to yield different build-up rates and asymptotic levels of perceived stream segregation. Another series of test conditions was produced by inserting 50 ms silent gaps between the tones within a triplet and increasing the intertriplet gap duration to 175 ms, resulting in a slower tone-repetition rate. These additional stimulus conditions were tested in eight of the listeners. The stimuli were generated digitally under Matlab (The Mathworks, MA) and stored as 16 bit files on computer hard disk. They were played out at a 44.1 kHz sampling rate using a Lynx Studio Card, attenuated (TDT PA4, Tucker Davis Technology), preamplified (TDT HB6), and delivered diotically through headphones (Sennheiser HD250) at 70 dB SPL. The repeating tone-triplet sequences corresponding to the four different ⌬Fs were presented 20 times each, in a completely randomized order. Listeners were instructed to press "1" when they heard a single stream with a galloping rhythm and "2" when they heard two monotonic streams with different tempi. They were encouraged to start responding as early as possible after sequence onset and then to press the "1" or "2" key as soon and as often as they heard the percept change before the end of the 10 s sequence. The timing of key presses relative to sequence onset was measured and recorded. Each key press caused a switch in the value of a binary variable, from 0 ("one stream") to 1 ("two streams"), or vice versa. The binary values were sampled at 1 ms intervals over the entire sequence duration. Vectors corresponding to different presentations of the same sequence (20 presentations at each ⌬F) were then averaged to obtain the probability of a "two streams" response as a function of time.
Electrophysiological Experiment
Two male rhesus monkeys aged between 6 and 8 years took part in electrophysiological recordings. They were implanted stereotactically with a recording cylinder over their left cerebral hemisphere. The position and orientation of the recording chamber were verified with magnetic resonance imaging (MRI), and the targeted recording areas inside the recording chamber were determined to include parts of the supratemporal plane, the lateral surface of the superior temporal gyrus, and the dorsal bank of the superior temporal sulcus. A plastic matrix grid (Crist Instruments) was fitted into the recording cylinder to facilitate electrode positioning. Lacquer-insulated tungsten microelectrodes (<10 MOhm) were inserted through the grid and into the cortex using a hydraulic microdrive (David Kopf Instruments). Action potentials were sent through a "slicer" unit, which selectively amplified all transients above a given amplitude, thereby enhancing the signal-to-noise ratio, if necessary. Subsequently, the signal was sent through a window discriminator, in order to permit reliable discrimination of spikes of different amplitude. The resulting trigger pulses were then transferred to a personal computer for data collection using the CORTEX program (NIMH, Bethesda, MD).
During electrophysiological recording, the animals were given a simple behavioral task, which they had been trained to perform prior to the experiment. The aim of this task was to ensure that the animals were awake and attentive to the auditory stimuli during the collection of the neural data-just like the human listeners were during the collection of the corresponding psychophysical data. The simple auditory discrimination task required that the animal touch with its hand a metal bar in front of it and release this bar within 1.0 s only when hearing a conditioned auditory stimulus (S+)-a short melody, consisting of four notes (CEGC with C at 512 Hz on a tempered scale), each of 100 ms duration. The conditioned stimulus was presented at random times in-between the streaming sequences, so that its occurrence was not predictable and the animal had to remain attentive throughout the testing session. Positive reinforcement (in the form of water delivered directly into the mouth through a tube) was conditioned upon release of the bar within a few seconds of hearing the conditioned stimulus. The animal was to hold the bar to all other sounds (S-), for which no water reward was given. If the animal failed to respond to the conditioned stimulus within 1 s, it would receive a 3-5 s time-out, after which stimulus presentation was restarted. If the animal failed to respond to the conditioned stimulus in several consecutive trials, the experimenter would intervene; usually, he entered the soundproof room, interacted with the animal, and decided when and whether to resume data collection. During recording and testing, the monkey's face and hand were monitored on a closed-circuit TV monitor, so that the experimenter had immediate control of the monkey's working condition. All recording sessions took place in the afternoon, and on the morning prior to a recording session the animals had only restricted access to water. (All procedures were approved by the Georgetown University Animal Care and Use Committee and conform to NIH standards.) Delivery of the conditioned stimulus and collection of behavioral responses were controlled by the CORTEX software (NIMH, Bethesda, MD). Behavioral responses were analyzed offline using Matlab (The Mathworks, MA) routines developed at NIMH and other laboratories.
Test stimuli consisted of isolated probe tones for neural frequency-response function measurement and various sequences of repeating, constant-or alternating-frequency tone sequences. The frequency-response functions of the units were measured using probe tones ranging in frequency between 500 and 20,000 Hz, in 24th octave steps. A bracketing procedure was used to determine the unit's best frequency (BF). The BFs of the units used in this study ranged between 500 and 9514 Hz, with a mean of 1663 Hz. Once a unit's BF was estimated, the unit's responses to 10 s sequences of ABA tone triplets, similar to those used in the psychophysical experiment in humans, were measured. These sequences consisted of 20 ABA tone triplets, with a 125 ms tone duration and a 125 ms silent gap between triplets. The frequency of the A tones was set to the unit's estimated BF. As in the psychophysical experiments, the frequency of the B tones was set 1, 3, 6, or 9 semitones above that of the A tones, and the resulting stimulus sequence was presented 20 times each, in randomized order. In 33 of the units, Subsequent analysis of the neural responses involved counting the number of spikes occurring during the presentation of each tone. The distributions of spike counts observed across the 20 presentations of each stimulus sequence (one sequence per ⌬F) were then transformed into probability distributions (by dividing the number of times each possible spike count was observed by the total number of spike counts observed, so that the area under the distribution was equal to 1). This was done separately for each neuron, each tone, and each triplet position. Then, for each tone and each triplet position, the probability distributions corresponding to the different units were convolved with each other. This was done in order to determine the probability distribution of a random variable representing the total spike-count information obtained by performing an (unweighted) average of the spike counts from all available units, assuming statistical independence between units. The resulting spike-count probability distribution was used in order to derive the neurometric functions. The probability that a particular tone at a particular triplet position was detected was computed as the area under the probability distribution to the right of a predefined count, or "threshold." The resulting A and/or B tone-detection probabilities were subsequently used to estimate the probabilities of "one stream" and "two streams" responses, as follows. When both the B tone and the two A tones from the same triplet were detected by the model, a "one stream" response was counted. In contrast, if the two A tones were detected but the intervening B tone was not, a "two-streams" response was counted. This can be understood by considering that the decisions were based on the responses of units whose BF corresponded to A. If the presence of the B tone was detected in the responses of these units, then reciprocally, the presence of the A tones was likely to be detected in the responses of units whose BF corresponded to B (since the choice of setting the frequency of the A tones, rather than that of the B tones, to the unit's BF was arbitrary). Thus, in that situation, the two tonotopic sites corresponding to the A and B frequencies were not differentially activated, and the activity at both sites indicated (to units higher up) the presence of three consecutive events. This response pattern was interpreted as a single stream with a galloping rhythm. In contrast, if the presence of the B tone was not detected based on the responses of units whose BF corresponded to A, then it was likely by symmetry that the presence of the A tones was not detected based on the responses of units whose BF corresponded to B. In that situation, the two tonotopic sites corresponding to A and B in the AC were differentially activated, with activity at one site reflecting the presence of only the A tones and activity at the other site reflecting only the presence of the (half as numerous) B tones. This response pattern was interpreted as two streams with different tempi. Finally, the probabilities of "one stream" and "two streams" judgments (or responses) were evaluated simply by counting the number of corresponding decisions made by the model.
Best fits between the neurometric functions (representing the probability of a "two streams" response as a function of time) and the corresponding psychometric functions were performed by varying a single parameter: the threshold count above which a tone was declared detected. The threshold was not allowed to vary across ⌬F or time after sequence onset.
